Recovery of a cationic synthetic dye, methyl green by nanofiltration (NF 270-400) membrane from commercial source (Filmtec, USA) was used for this study. The effect of membrane characteristics, applied pressure gradient ( !lP ) and aqueous phase concentration of dye on the rejection, membrane fouling and water flux was studied over a range of pressure and concentration of 2 to 5 bar and 0.01 mmoie L-1 to 0.05 mmole L· 1 respectively.
INTRODUCTION
Contamination of water resources by many organic pollutants is a major concern of global environmental pollution over the years among which dye represents one of the major polluting groups. The two major sources of dye pollution are textile and dye manufacturing industries. Large quantity of aqueous waste and dye effluents are discharged from these industries with strong persistent of colour which is environmentally unacceptable. Many of these dyes are toxic and even carcinogenic. EPA standard for dye concentration in polluted water is 550 mg L-1 [1] . Therefore, decolourization of the dye effluent is necessary before discharging.
A range of conventional treatment technologies such as trickling filter, active sludge, chemical coagulation, carbon adsorption,
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N. N. Dutta (email: nndutta@rediffmail.com) photodegradation etc. has been studied extensively for dye removal over the years [2] . Membrane technologies have drawn special attraction in this regard due to its high selectivity, high performance and cost effectiveness [3, 4] . Several authors have showed the possibility of concentrating dyes using different types of membrane (Table 1) . Nanofiltration has the advantage of retaining relatively small organic molecules and bivalent ions from aqueous waste solutions which may be useful for application in the treatment of dye effluents [4] . In this study, we report a comprehensive study on nanofiltration membrane for removal of a commercially important dye from aqueous solution and an analysis of the transport mechanism of the membrane process through a modeling and simulation approach. 
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Current state of knowledge on the transport mechanism of NF membrane probably supports the use of a "hybrid" models in which some parameters from the "pore-flow model" are to be considered. Accordingly, the model describes the performance of a pressure driven membrane process, ie nanofiltration, in terms of solvent flux, Iv proportional to the effective applied pressure (M -~IT) as given in equation (1)[4].
Materials
The commercial membranes (FilmTec NF 270-400) were used (gift sample on request). According to the manufacturer, these membranes are polyamide thin-film composite membrane viable for operation at pH from 3-10 and temperatures up to 4SoC. Polyamide compounds have amide and carboxyl groups bound to the aromatic rings, which tend to reduce membrane hydrophobicity.
Methyl green was used as the dye sample which was purchased from Sigma-Aldrich, India. Deionized water was used as the solvent throughout the experiment.
Characterization of the Membrane
The membrane was characterized for pore size, porosity, surface morphology and functional groups of polymer. Pore size and surface morphology of the membrane was determined with a scanning electron microscope (Model:JSM 6390 LV (JEOL». FTIR spectra was recorded in a Perkin Elmer 2000 (640 B) spectrometer.
Porosity of the membrane was measured by immersing the membrane into n-butanol for 3 hours and weighing the membrane after adsorption of the n-butanol. The porosity was then calculated by the following equation where M b is the weight of adsorbed n-butanol, pb is the density of n-butanol, M p is the weight and PP is the density of the membrane material.
The pure water permeability co-efficient L p is determined by plotting water permeability, I wversus pressure. The slope of the straight line gives the value of
where M is the applied pressure (bar) across the membrane,~IT is the osmotic pressure (bar) across the membrane and can be estimated from Van't Hoff equation Lips the solvent permeability coefficient (ems" bar").
However, the permeation process is believed to be controlled by any or all of the mechanistic phenomenon, i.e. adsorption, fouling and osmotic flux and the flux may be represented by the membrane transport model developed by Tu et al [12] according to which A two-compartment membrane cell ( Figure 1 ) was used for the study, Volume of each compartment of the cell was 50 ml. The polymeric membrane was placed between the compartments with silicone-rubber packing and the cell was connected with a reservoir of 500 ml. The aqueous solutions of the model compound was stirred continuously and circulated by peristaltic pump that was connected to the reservoir. Solutions of methyl green in the concentration ranging 0.01 to 0,05 mmole" were used for present work. The sample solutions were collected from the permeate side after a permeation period and analyzed by UV-VIS spectroscopy in an Analyticjena , ------' -----------. , Pressure (P) respectively. Amide and carboxylic group of the membrane was confirmed by the aborption bands The physical characteristic of the membrane evaluated from these analyses is listed in Table 2 .
SEM photographs indicate that the membrane contains pores ofalmost similar shape but the pore diameters are not uniform. Surface roughness as visualized from SEM photographs seems to be low resulting in low fouling, The membrane is reported to exhibit a very thin skin layer of thickness 25 nm as well as three layers in the membrane structure: a thin top layer of polyamide) an intermediate layer of polyethersulfone and a support layer of polyester [13] . 
Effect of Applied Pressure and Feed Concentration
The effect of applied pressure and dye concentration was studied at a range of pressure 2 bar to 5 bar and concentration range of 0.01 mmole L-1 and 0.05 mmole L-1 . Figure 5 shows the variation of percentage rejection as a function of pressure and concentration. The percentage rejection increases with increasing pressure and decreases with increase in concentrations an observation akin to that is reported for removal of other molecules and ions by nanofiltration [14] . The decrease in rejection with increasing concentration is marginal and may be attributed to cation shield effect [14] due to which membrane negatively charged groups became progressively stronger, leading to the decrease of membrane repulsive forces on the anions. Furthermore, with increase in pressure, convective transport becomes more important causing rejection to increase [14] . However, concentration polarization will also increase with increase of pressure which results in decrease in rejection. The counteracting contribution of increased convective transport and increased concentration polarization will result in nearly constant rejection at high pressure range [14J.
Effect of Concentration Polarization on
Permeate Flux Figure 6 shows that the percentage rejection of the dye linearly increases with applied pressure indicating little or no effect of concentration polarization or fouling in the pressure range under study [12] . This may be due to the hydrophilicity of the membrane. NF 270AOO is hydrophilic in nature [15] and has better fouling resistance capacity than hydrophobic membrane [16] . Figure 7 shows that the decrease in permeate flux with time is insignificant. This implies that in the range of pressure studied, the membrane does not suffer much compaction effects which would reduce its pores and consequently the permeate flux [7J.
Mechanism of Transport
In order to predict the effect of different parameters on flux and the rejection in nanofiltration ofthe dye solution, first, the effect of osmotic pressure was taken into account. The osmotic pressure of the methyl green solutions was determined using the Van't-Hoff equation [4J according to which where, I1 is the osmotic pressure across the membrane, n is the number of moles of dye taken, R is the universal gas constant, T is the temperature at which experiment was performed and V is the volume of the dye solution taken. The nanofiltration permeation performance is shown in Figure 8 
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Recovery of Methyl Green from Aqueous Solution Table 3 Values of the water permeability coefficient, Lip and adsorption resistance, R a ds ' obtained at several feed dye concentrations
The intrinsic membrane resistance, R m as obtained from the linear plot of Iw vs M was 3.37 X 10 6 em" in the pressure and concentration range under study. As the calculated and experimental results of the plot Iv versus M shows deviation when only R m is considered, resistances due to other factors such as concentration polarization (R g ) and adsorption (R ads ) should be taken into account. As mentioned earlier, effect of concentration polarization in this case is negligible. Earlier workers also have reported that effect of concentration polarization is not so significant [7, 14] in nanofiltration of dye molecules, but effect of adsorption plays an important role [4] . Therefore, adsorption resistance (R ads ) was evaluated and R g was neglected in this study. i O.iS: ---+ -- [8] Rads R max be! R max
In order to calculate R ads , pure water permeability
Iw was determined after permeation of dye of each concentration. The value of L/ was determined from the linear plot of!w versus M from which R ads can be calculated. Table 3 represents the water permeability co-efficient, L/ and adsorption resistance, R ads obtained at several feed dye concentration.
To study the adsorption behavior of the NF membrane, adsorption experiments were performed independently at a concentration range (0.01 to 0,25 mmole L"l) and adsorption isotherms were determined (Figure 9) , Values of co-relation co-efficients show that the present system better fits to the Langmuir model than Freundlich model. Adsorption process was also studied with respect to thermodynamic parameters. Negative value of Gibb's free energy of adsorption means that the adsorption of the dye on the membrane is thermodynamically favorable; moreover relatively low values of I1Gads indicate physical adsorption process [17] .
Assuming that R ads is proportional to amount of dye adsorbed per unit mass of the membrane, q, an equation, similar to Langmuir equation can be written as:
where R ads is the adsorption resistance (ern"), R max is the saturation value of adsorption resistance, C t is the dye concentration (mmole L' 1) and b is adjustable parameter (mmole L'I) .
------_ _ _ _ _.. _~._ _.. Figure 11 , the experimental and calculated values now become almost equal. This shows that in case of permeation of dye through NF membrane, effect of adsorption should be taken into account. As documented in literature and our experimental results, this study also shows that effect of other factors such as concentration polarization does not have significant effect on permeation of dye through NF membrane as the experimentalj; values agree quite well to calculated J, values considering only the intrinsic membrane resistance andadsorption resistance.
CONCLUSIONS
Nanofiltration membrane can provide an attractive method for removal of dye from its aqueous solution, which may be useful for treatment of dye effluents in textile and dye industries as well as for extraction of natural dye. Effect of applied pressure on rejection was found to be appreciable; the feed concentration seems to be less pronounced. The transport process is governed mainly by membrane resistance and that due to adsorption. The effect of concentration polarization has little effect on the permeation process. However, a detail investigation with a number of dye moleculeswill be necessary to draw a more precise conclusion on the mechanism of the transport in the NF membrane.
